Abstract Transient global cerebral ischemia (GCI) causes delayed neuronal cell death in the vulnerable hippocampus CA1 subfield, as well as behavioral deficits. Ischemia reperfusion (I/R) produces excessive reactive oxygen species and plays a key role in brain injury. The mitochondrial electron respiratory chain is the main cellular source of free radical generation, and dysfunction of mitochondria has a significant impact on the neuronal cell death in ischemic brain. The aim of the present study is to investigate the potential beneficial effects of methylene blue (MB) in a four-vessel occlusion (4VO) GCI model on adult male rats. MB was delivered at a dose of 0.5 mg/kg/day for 7 days, through a mini-pump implanted subcutaneously after GCI. We first found that MB significantly improved ischemic neuronal survival in the hippocampal CA1 region as measured by cresyl violet staining as well as NeuN staining. We also found that MB has the ability to rescue ischemia-induced decreases of cytochrome c oxidase activity and ATP generation in the CA1 region following I/R. Further analysis with labeling of MitoTracker® Red revealed that the depolarization of mitochondrial membrane potential (MMP) was markedly attenuated following MB treatment. In addition, the induction of caspase-3, caspase-8, and caspase-9 activities and the increased numbers of TUNEL-positive cells of the CA1 region were significantly reduced by MB application. Correspondingly, Barnes maze tests showed that the deterioration of spatial learning and memory performance following GCI was significantly improved in the MB-treatment group compared to the ischemic control group. In summary, our study suggests that MB may be a promising therapeutic agent targeting neuronal cell death and cognitive deficits following transient global cerebral ischemia.
Introduction
Cerebral ischemia occurs during cardiac arrest, which affects more than 83 % of people over 65 years old [1] . Out-ofhospital cardiac arrest accounts for approximately 450,000 deaths annually and is responsible for more than one-half of all cardiovascular deaths, with a mortality rate higher than 90 % [2, 3] . The post-cardiac arrest brain injury is the major cause of its high mortality and serious morbidity. Up to 16 % of patients develop clinical brain death, even if they achieve spontaneous circulation return [4] . Cardiac arrest survivors are often complicated with persistent cognitive impairment, such as memory and sensorimotor deficits, reducing their quality of life and impacting a heavy economic burden [5] .
The arrest of blood flow reduces the oxygen and glucose supply to the brain, causing ischemic brain injury, especially when hypoxia extends beyond 5 min [6] . Computed tomography has shown that the type of pathological change in cardiac arrest brain injury is global brain ischemia rather than focal brain lesions [7] . Microscopy histological examination revealed that the hippocampus has pronounced cell abnormalities even in those patients only suffering from several minutes of hypoxia [8] . Bilateral hippocampal atrophy has been diagnosed by high-resolution magnetic resonance after hypoxia lasting 20 min [9] . Magnetic brain scan studies also found that the abnormalities mainly occur in the CA1 and CA2 regions of the hippocampus and the amygdala, after a 2-day coma [10] . This pattern of regionally selective vulnerability of CA1 has been demonstrated in cardiac arrest patients [11] .
The generation of reactive oxygen species (ROS) under ischemia reperfusion has been known as a major contributor to brain damage. The cellular sources of ROS generation include xanthine oxide, NADPH oxidase, cyclooxygenases, and lipoxygenases. Our previous studies have shown that inhibition of NADPH oxidase attenuates ROS generation and protects the neurons from ischemic injury [12, 13] . More importantly, the mitochondria produce ROS from the electron respiration chain, which is thought to be the main cellular source of ROS generation [14] . The mitochondria are also involved with membrane potential, ATP levels, calcium load, and apoptotic pathways, as well as being a central player in the development of ischemia reperfusion (I/R) injury. Ischemia triggers mitochondrial dysfunction, while re-introduction of oxygen during reperfusion dramatically increases the generation of ROS, such as superoxide and hydrogen peroxide [15] .
Methylene blue (MB) has been used clinically for a long time. It has been reported that MB can reduce the formation of amyloid plaques and neurofibrillary tangles and can partially protect mitochondrial function [16, 17] . Recent investigations suggest that MB functions as an alternative electron carrier, receiving electrons from NADH, and transferring them to cytochrome c, thereby, bypassing the complex I/III blockage under pathological situations. This results in the reduction of the infarct volume in rat stroke model and protection of astrocytes from oxygen glucose deprivation (OGD) injury in vitro with MB treatment [18, 19] .
There is currently no effective drug or therapy available that protects the brain from global cerebral ischemia (GCI)-induced neuronal impairment. In the current study, MB was administered to a transient GCI rat model to investigate the potential beneficial effects on neuronal injury and behavioral deficits, aiming to find a new method in the rescue of ischemic brain injury following cardiac arrest.
Materials and Methods

Global Cerebral Ischemia Model
The GCI model has been widely used to study the delayed neuronal cell death of vulnerable hippocampus CA1 pyramidal neurons, which occurs 2-4 days after the ischemic reperfusion [20] . Four-vessel occlusion (4VO) ischemic model was performed on male SD rats, 3 months old, as described in our previous study [21] . Briefly, the vertebral arteries were electrocauterized and the common carotid arteries (CCAs) were exposed under anesthesia. Wound clips were used to close the incision and the rats were allowed a 24-h recovery period. After 24 h recovery, the animals were anesthetized using light isoflurane anesthesia and the CCAs were reexposed and clipped for 15 min occlusion. The reperfusion was induced by releasing the clips and restoring the carotid artery blood flow. Rectal temperature was maintained at 37°C using a thermal blanket throughout the experiment. Sham controls underwent the same surgical exposure procedures, except that the arteries were not occluded. All procedures were approved by the Georgia Regent University institutional committee for care and use of animals and were in accordance with National Institutes of Health guidelines. Methylene blue (Fisher Scientific, Pittsburgh, PA) was administrated with 7-day release Alzet osmotic mini-pumps (1007D, DURECT Corporation, Cupertino, CA) at 0.5 mg/kg/day. The minipumps were implanted subcutaneously under the upper back skin immediately after ischemia perfusion.
Histology Examination
Rats were anesthetized with chloral hydrate and underwent transcardial perfusion with 0.9 % saline followed by 4 % paraformaldehyde in 0.1 M phosphate buffer. Brains were removed, postfixed overnight in paraformaldehyde, and cryoprotected with 30 % sucrose in 0.1 M PB (pH 7.4) at 4°C until they sank. Coronal sections (25 μm) were cut on a microtome (Leica RM2155, Nussloch, Germany) and collected through the entire dorsal hippocampus from animals at 10 days after ischemia or sham operation. For histological assessment, brain sections were stained with 0.01 % (w/v) cresyl violet for 10 min, followed by graded ethanol dehydration. The stained sections were examined, and images were captured using an AxioVision4Ac microscope system (Carl Zeiss, Germany). For diaminobenzidine (DAB) staining, sections were blocked with 10 % horse serum in PBS for 1 h at room temperature, incubated with anti-NeuN (Millipore, Billerica, MA) overnight at 4°C. The later procedures followed the VECTASTAIN Elite ABC system manufacturer instruction (Vector Laboratories, Burlingame, CA), as described from our previously publication [21] . The NeuN stained hippocampal neurons were observed and images were captured using an Olympus IX70 microscope (Olympus, Japan). The number of CA1 neurons per 250-μm length of the medial CA1 pyramidal cell layer was counted bilaterally in four sections per animal. Cell counts from the right and left hippocampus on each of the four sections were averaged to provide mean value, as we reported before [22, 23] . Sections were also analyzed for the presence of apoptotic nuclei using the DeadEnd Fluorometric TUNEL System (Promega, Madison, WI, USA) as described. The fluorescein-12-dUTP-labeled fragmented DNA can then be visualized directly by fluorescence microscopy. Nuclei were stained with propidium iodide. Images were collected with a Zeiss LSM 700 confocal microscope (Carl Zeiss, Germany). The quantification of the TUNEL-stained nuclei and total nuclei was processed by Image-Pro software and presented as a percentage of total nuclei in the field as previously described [24] .
Caspase Activity Measurement
Hippocampal CA1 regions were quickly separated on an ice pad along the hippocampal fissure, using a standardized microdissection procedure. The separated tissues were homogenized by using a motor-driven Teflon homogenizer in ice-cold homogenization buffer with inhibitors of proteases and enzymes as previously described [21] . Caspase activities for caspase-3, caspase-8, and caspase-9 were measured in the protein homogenate using fluorometric substrates. The following substrates were used for caspase-3, caspase-8, and caspase-9, respectively: Ac-DEVD-AMC, Ac-IETD-AMC, and Ac-LEHD-AMC (AnaSpec, Fremont, CA). The substrates were cleaved proteolytically by the corresponding caspases, and the fluorescence of free AMC was measured. For determination of caspase activities, 100 μg of total protein were incubated for 3 h in caspase buffer (100 mM HEPES, 10 % sucrose, 10 mM DTT, 0.1 % CHAPS, 1 μg/ml leupeptin, and 1 mM PMSF) with 100 mM substrate. Fluorescence was determined with an excitation wavelength of 380 nm and an emission wavelength of 460 nm for AMC using a Synergy HT microplate reader (BioTek Instruments Inc., Winooski, VT). Values are expressed as fluorescence of AMC per microgram of protein and then were compared with a sham group.
Mitochondrial Cytochrome C Oxidase Activity
Cytochrome c oxidase is a part of the cytochrome c oxidase subunit complex, which is located in the inner membrane of the mitochondria and is the terminal electron acceptor in the electron transfer chain, functioning by converting molecular oxygen to water and helping synthesize ATP. The hippocampal CA1 regions from I/R 2-day rats were homogenized using a method as aforementioned. The crude mitochondrial fractions were collected by centrifuging the homogenates at 14, 000 g for 15 min at 4°C. Cytochrome c oxidase activity in the mitochondrial fractions was assessed using activity assay kit (KC310100; BioChain Institute, Hayward, CA). The ability of cytochrome c oxidase to oxidize fully reduced ferrocytochrome c to ferricytochrome c was measured using spectrophotometry. The absorbance of oxidized ferricytochrome c was measured as a loss of absorbance at 550 nm in a 96-well plate reader. The presented value was calculated by the absorbance divided by the mitochondrial lysate protein levels.
Quantification of Total ATP Levels
ATP concentration was determined using a kit of ENLITEN® rLuciferase/Luciferin reagent (FF2021, Promega, Madison, WI, USA) following the protocol of the manufacturer. Briefly, 30 μg of sample proteins were suspended in 100 μl of reconstituted rL/L reagent buffer containing luciferase, D-luciferin, Tris-acetate buffer (pH 7.75), ethylenediaminetetraacetic acid (EDTA), magnesium acetate, bovine serum albumin (BSA), and dithiothreitol (DTT). Light emission at 10-s intervals from the L/L reaction was measured in a standard microplate luminometer (PE Applied Biosystems). Relative light units (RLU) from Bbackground blank^containing rL/L reagent and the homogenization buffer used to prepare the samples were subtracted from the sample light output in the assay. Values of ATP levels were determined using an ATP standard curve, and data were expressed as fold changes compared with the sham control group for graphical depiction.
MitoTracker Red Staining and Confocal Microscopy
MitoTracker® Red CMXRos (M-7512, Life Technologies, NY, USA), a red fluorescent dye, was used to measure the depolarization of mitochondrial membrane potential (MMP). Briefly, 50 μg of MitoTracker® Red CMXRos were dissolved in high-quality anhydrous dimethylsulfoxide (DMSO) and diluted in saline to a final working solution. In the present study, MitoTracker® Red CMXRos (50 ng/ml in 100 μl of saline) was administered intravenously via tail vein injection. Five minutes after injection, the animals were deeply anesthetized with isoflurane and perfused transcardially with 0.1 M phosphate-buffered saline (PBS, pH 7.4) followed by 4 % paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4). Brains were removed and postfixed in the same fixative overnight and cryoprotected with 30 % sucrose in 0.1 M PB (pH 7.4) at 4°C until they sank. Brain tissues were then embedded in optimal cutting temperature (OCT) compound, and frozen coronal sections (20 μm) were cut through the dorsal hippocampus. Thereafter, sections were washed for 4×10 min by 0.1 % PBS-Triton X-100 and briefly with distilled water. Finally, the sections were mounted and coverslipped in Vectashield mounting medium for fluorescence with 4′,6-diamidino-2-phenylindole (DAPI) (H-1200; Vector Laboratories, Inc., CA, USA). Three to five sections of each animal (200 μm apart, approximately 1.5-3.3 mm posterior to bregma) were selected for confocal microscopy. Images were acquired on an LSM510 META confocal laser microscope (Carl Zeiss) using 40× objective with the image size set at 1024× 1024 pixels. The captured images were processed and analyzed by the LSM 510 META software. The fluorescence signals of MitoTracker Red were quantitatively evaluated by using the ImageJ software (National Institutes of Health, Bethesda, MD) and the intensities were normalized as percentage changes compared with those in the sham control group. Data were calculated as mean±SE from four to five independent animals per group.
Barnes Maze
The Barnes maze test was performed to evaluate the hippocampal-dependent spatial learning and memory [25] . The Barnes circular platform maze is a 122-cm-diameter circular platform on a 1.0-m stand with 18 evenly spaced 10-cmdiameter holes around the circumference with a black box (escape box, 20×15×12 cm) placed underneath one of the holes. Several visual cues were pasted to the black walls surrounding the platform to facilitate orientation for the rat to use as spatial cues. Testing was performed in a darkened room with bright flood incandescent light (500 W, 1000 lx) shining down on the maze surface. Rats were also exposed to noxious auditory stimulus with the use of digital metronome software and two computer speakers facing the platform. Prior to the first trial, animals were subjected to a habituation trial by gently placing the rat in the middle of the platform under a black box and allowing the rat to enter the escape box for 1 min before being returned to its home cage. On day 7 after ischemia, 3 days of training trials was performed and each rat was tested one trial per day. The time to enter into the target hole was recorded. The probe trial was performed on day 10 after GCI. The platform and escape box were cleaned with 70 % ethanol between each test. Video recordings were made using a FUJINON Lens, Vari-focal, 2.7-13.5 mm (FUJIFILM Corporation, Japan). The primary latency and the time spent in quadrants were quantified using ANY-maze video tracking software (Stoelting Co., Wood Dale, IL).
Elevated Plus Maze
The elevated plus maze was used to evaluate exploratory and anxiety-like behavior in a novel environment [26] . An open-arm entry was defined as all four of the paws being placed in the open arm. Risk assessment behavior was defined as a stretch-attend response that the rat stretched its body forward with sniff or obvious scan. The maze was cleaned with 70 % ethanol between each test. Videos were recorded and analyzed using ANYmaze video tracking system.
Open Field
An open field test was used to detect motor and exploratory behavior [27] . The open field was made of black wood and consisted of a floor (96 cm×96 cm) with 50-cm walls. The box floor was painted with white lines (6 mm) to form 16 equal squares. During a 5-min observation period, the number of squares crossed, rearing, and grooming was recorded. The field was cleaned with 70 % ethanol between each test. Videos were recorded and analyzed using ANY-maze video tracking system.
Statistical Analysis
Statistical calculations were performed using the GraphPad Prism V. 4.01 software (GraphPad Software Inc., La Jolla, CA). The mean±SE were calculated for all samples, and significance was determined by either the Student t test or ANOVA with the Newman-Keuls or Bonferroni post hoc test. A value of P < 0.05 was considered significant.
Results
Treatment with MB Significantly Reduced the Delayed Neuronal Cell Death in the Rat Hippocampal CA1 Region Induced by GCI We first evaluated the potential neuroprotective effects of MB treatment against the delayed neuronal cell death induced by I/R following GCI. Histological evaluation by NeuN staining revealed that transient GCI induced a selective neuronal loss in the hippocampal CA1 region of ischemic control rats compared with sham-operated animals (middle panel in Fig. 1a-c) . As seen in the cresyl violet staining, the hippocampal CA1 pyramidal cell layer showed unequivocal signs of condensed, pyknotic, and shrunken nuclei 10 days after ischemic reperfusion. By contrast, cresyl violet/NeuN staining and cell-counting study showed that treatment with MB significantly increased the number of surviving neurons in the hippocampal CA1 region following ischemic reperfusion (bottom panel in Fig. 1a-c) , in comparison with the non-treated ischemic control group. These results clearly demonstrate the novel neuroprotective effects of MB against delayed neuronal cell death in the vulnerable hippocampal CA1 region following transient GCI.
MB Treatment Improved GCI-Induced Mitochondrial Dysfunction in the Vulnerable Hippocampal CA1 Region
Previous studies suggest that MB has the ability to increase mitochondrial oxidative phosphorylation, prevent electron leaking, and attenuate superoxide production under pathological conditions [18, 28] . We then examined whether MB has the properties to improve mitochondrial dysfunction in the vulnerable hippocampal CA1 region following I/R. As shown in Fig. 2a , analysis of mitochondrial cytochrome c oxidase activity demonstrated that the 2-day ischemic reperfusion caused a significant inhibition of mitochondrial cytochrome c oxidase activity in the hippocampal CA1 region, indicating the dysfunction of mitochondrial electron transfer chain under I/R following GCI. Interestingly, MB treatment significantly increased the activity of cytochrome c oxidase compared with the non-MB-treated ischemic control group (Fig. 2a) . In order to further define the role of MB in improving mitochondrial function, we examined ATP concentration in the total CA1 protein samples using a kit of ENLITEN® rLuciferase/Luciferin. Constant with the changes of cytochrome c oxidase activity, results showed that the total ATP levels were significantly attenuated by 2-day ischemic reperfusion in CA1 protein samples, compared with the sham control group (Fig. 2b) . Importantly, the generation of ATP in the CA1 region was significantly elevated by MB in comparison with the non-MB-treated ischemic control group (Fig. 2b) . Next, mitochondrial membrane potential was further evaluated under confocal microscopy in the hippocampal CA1 neurons by using the fluorescence changes of MitoTracker Red fluorescent dye. In healthy pyramidal neurons of the CA1 cell layer in the sham control group, mitochondria were labeled with MitoTracker Red with strong fluorescence (Fig. 3a) . The intensities of fluorescence signals of MitoTracker Red were quantitatively evaluated and normalized as percentage changes compared with those in the sham control group. As shown in the middle row of Fig. 3a, b , in the I/R without MB-treated group, the normalized MitoTracker Red fluorescence after 2-day reperfusion was markedly decreased in the cytoplasm of CA1 pyramidal neurons, suggesting a GCI-induced mitochondrial depolarization and potential collapse of MMP. Intriguingly, treatment with MB reversed the GCI-induced change in MitoTracker Red intensity, compared with the non-MB-treated control group, indicating a preservation of MMP and the presence of healthy mitochondria. Taken together, MB has the ability to rescue GCI-induced decreases of cytochrome c oxidase activity and ATP generation in the CA1 region following I/R and has the ability to preserve MMP following GCI. Fig. 2 Effects of MB on mitochondrial cytochrome c oxidase activity and total ATP levels after GCI. a Total protein samples from the CA1 region at 2-day reperfusion were subjected to activity analysis for mitochondrial cytochrome c oxidase. b ATP assay in total protein samples from the CA1 region indicates that MB treatment significantly increases total ATP levels compared with the control group at ischemic reperfusion day 2. N=4-5 in each group. *P<0.05 vs. sham control, † P<0.05 vs. the ischemic control group without MB treatment Treatment with MB Significantly Inhibited the Activities of Caspase-3, Caspase-8, and Caspase-9 and Decreased Apoptotic Neuronal Death in the Rat Hippocampal CA1 Region Induced by GCI It is well accepted that the activation of caspase-3 cleaved by caspase-9 requires cytochrome c released following mitochondrial dysfunction [29] , and that caspase-8 activation also plays a causal role in caspase-3 activation and apoptotic cell death [30] . Therefore, we evaluated whether the neuroprotective properties of MB involve an inhibition of caspase-3 activity, because one major putative consequence of mitochondrial dysfunction and subsequent release of cytochrome c is the activation of caspase-3. Caspase-3 activity was measured by a fluorometric substrate assay using hippocampal CA1 homogenates. As shown in Fig. 4a, 2 days of I/R evoked a threefold increase in caspase-3 activity. Importantly, the increased caspase-3 protease activity was dramatically prevented in MBtreated animals. Furthermore, caspase-9 and caspase-8 activities were also highly induced following 2-day ischemic reperfusion and were effectively reduced by MB treatment (Fig. 4b, c) . In order to analyze GCI-induced apoptotic cell death of hippocampal CA1 neurons following caspase activation, coronal brain sections were also subjected to TUNEL staining following ischemic reperfusion. As shown in Fig. 4d , e, in the non-MB-treated ischemic control animals, most of the hippocampal CA1 neurons were positive for TUNEL staining. However, immunofluorescence staining and quantitative analyses indicated that the number of TUNEL-positive cells in the pyramidal cell layer was significantly attenuated in the MB-treated animals compared with the ischemic control animals (Fig. 4d, e) . These data clearly indicated the ability of MB to inhibit the intrinsic apoptotic pathway following GCI.
Treatment with MB Significantly Attenuated Learning and Memory Deficits Induced by GCI
Spatial memory is the part of memory responsible for recording information about one's environment and its spatial orientation. The hippocampus plays an important role in the processing of spatial locations, especially within the CA1 region [31] . The Barnes maze is designed to test spatial memory and long-term memory, and it has been shown that rodents with hippocampal damage showed impaired performance in the Barnes maze [32] . To investigate whether the beneficial effects of MB that reduced apoptotic neuronal cell death also led to functional improvement, we then measured the spatial learning ability in the Barnes maze. All animals were subjected to training trials at days 7, 8, and 9 after GCI, and the probe trials were performed on day 10 after GCI. As shown in Fig. 5a , b, non-MB-treated ischemic control animals required more time to find the black escape box, compared to sham control rats. By contrast, MB-treated animals showed significantly decreased escape latencies to find the escape box on the last training trials. In the probe test on day 10 after GCI, the MB-treated animals and sham-operated animals spent significantly longer times in the target quadrant, respectively (Fig. 5c, d) . However, animals in the non-MB-treated ischemic control group spent less time in the target quadrant where the escape box had been. Therefore, treatment of MB has the ability to significantly attenuate learning and memory impairment following the neuronal injury of hippocampal CA1 induced by GCI.
Treatment with MB Significantly Improved the GCI-Injured Performances in Elevated Plus Maze and Open Field
The elevated plus maze was performed to assess exploratory and anxiety-like behavior in rodent models of brain disorders. As shown in Fig. 6a , ischemic animals showed decreased risk assessment behavior compared with shamoperated animals, whereas MB-treated animals showed better risk assessment behavior. In the open-arm entry tests, rats with GCI spent more time in open arms than shamoperated rats (Fig. 6b) , while MB-treated animals spent less time in the open arms than the non-MB-treated ischemic control group. The open field task test was also used to measure the locomotor activity in rodents. The data showed that rats with GCI displayed significant higher locomotor activity with increased amount of line crossings, rearing time, and grooming time than those in sham-operated rats. Notably, these GCI-induced hyperactivities were effectively alleviated in the MB-treated animals compared with the non-MB-treated ischemic control group. Fig. 4 Effects of MB on caspase-3, caspase-8, and caspase-9 activities and apoptotic neuronal death in the rat hippocampal CA1 region. a-c Caspase-3, caspase-8, and caspase-9 activities were measured by a fluorometric substrate assay using hippocampal CA1 homogenates. d, e TUNEL staining and the cellcounting study showed a significant decrease in TUNELpositive cells in the hippocampal CA1 region in the MB-treated rats compared with the non-treated animals. Data are presented as mean±SE, n=4-5 per group. *P<0.05 vs. the sham control group, † P<0.05 vs. the I/R group
Discussion
In the present study, we firstly demonstrated that MB has the ability to protect the vulnerable hippocampal pyramidal neurons against ischemic insult following transient GCI, as confirmed by both cresyl violet staining and NeuN staining. We observed that MB treatment significantly rescued ischemiainduced decreases of cytochrome c oxidase activity and ATP generation in the CA1 region. We also found that MB preserved mitochondrial membrane potential following GCI, as examined by the MitoTracker® Red staining. Concomitantly, MB-treated animals showed significantly attenuated activation of caspase-3, caspase-8, and caspase-9 in response to ischemic insult following GCI. Consistent with the inhibitory effects on caspase activation was the gross reduction in the amounts of apoptotic cells, as shown by TUNEL staining, in the vulnerable hippocampal CA1 region following GCI. Importantly, treatment with MB significantly attenuated the learning and memory deficits that were seriously induced by GCI (as evaluated in the Barnes maze test). In addition, treatment with MB significantly improved the exploratory and anxiety-like behavior in the elevated plus maze, as well as the locomotor activity measured in the open field test. Taken together, these research findings clearly supported the neuroprotective and functional improvement effects of MB in the model of GCI.
More than half of the cardiac arrest survivors have permanent brain damage [33, 34] . But clinically, computed tomographic (CT) images are usually normal when taken immediately after a cardiac arrest, while after 3 days, the patients with poor outcomes show brain swelling and inversion of the gray white densities [35] . This type of delayed neuronal death following GCI after cardiac arrest is often characterized with selectively vulnerable neuronal cell death in the hippocampal CA1 region. Neurons are more susceptible than glial cells in response to injury following ischemic reperfusion because they have higher energy demands and produce glutamate. On the other hand, the vulnerability of the hippocampus can be affected by sex differences, with males having a greater volume and more neurons in all subregions than females and males experiencing a greater loss of neurons in CA1 and the dentate gyrus than females [36] . In the present study, only male rats were included to minimize the variations of sex influence on brain injury. The four-vessel occlusion rat model was adopted in the present study, wherein the delayed brain injury of the hippocampus is severe in the CA1 subfield, and the CA3/DG cell layers are relatively resistant to neuronal loss. This well-used GCI model mimics the brain damage patterns in patients with cardiac arrest.
Numerous factors contribute to the CA1 susceptibility in ischemic insult, such as the density of NMDA receptors [37] , MAP-2, NR1, and NR2B subunit binding [38] , Fig. 5 MB significantly attenuated learning and memory deficits induced by GCI. a, b The Barnes maze task was performed to test the spatial learning ability of the sham, ischemic control, and MB-treated animals, as shown by the latency to find the black escape box at day 9 after GCI. c, d
Probe test in the quadrant where the escape box had been on day 10 after cerebral ischemia. The representative tracks in the quadrant zone are shown and data were statistically compared. Data are presented as mean±SE, n=11 per group. *P<0.05 vs. the sham control group, † P<0.05 vs. the I/R group ATP-sensitive potassium channel [39] , and Na + -K + ATPase activity [40] . Interestingly, the mitochondrial function in the hippocampus regions also shows differences before and after cerebral ischemia. The succinate dehydrogenase level is higher in CA1, and after ischemia, its activity reduction is relatively lower in CA1 [41] , suggesting the CA1 region may have a high level of aerobic ATP production. In that case, if CA1 loses respiratory chain capacity, more ROS generation is expected. Our data demonstrates that in the CA1 region, another electron transfer chain complex, cytochrome c oxidase activity, was significantly reduced after I/R, adding to the evidence of electron respiratory chain disruption following cerebral ischemia. The mitochondrial released cytochrome c may also respond to the vulnerability of CA1 neurons. Immunohistochemistry study showed that cytosolic cytochrome c-positive cells were present exclusively in the CA1 region as early as 2 h after ischemia, with a significant number of TUNEL-positive cells [42] . These findings suggest that the mitochondrial dysfunction in the CA1 region plays an important role in the pathology of neuronal cell death following cardiac arrest.
Mitochondria produce 90 % of the cellular energy by oxidation phosphorylation. This process consumes 85 % of the oxygen of the cell during ATP generation. Under normal conditions, 0.4-4.0 % of oxygen is converted to superoxide radicals, through mitochondrial electron transfer chain complexes I, III, and IV. During ischemia, the arrest of the blood supply causes a reduction of oxygen and glucose to the brain and disrupts the mitochondria oxidative phosphorylation and ATP production. The reduction of ATP level limits the ion pumps in the neuron membrane, inducing mitochondria damage. The generation of ROS combined with calcium overload may also increase the mitochondrial permeability transition (MPT) pore opening, abolishing transmembrane potential and inducing more superoxide generation [43] . The opening of the inner membrane permeability transition pore and the rupture of the outer membrane cause the cytochrome c release from mitochondria to the cytosol. With the apoptosis-inducing factor (AIF) involved, cytochrome c induces the mitochondrial apoptotic caspase pathway. When the blood supply is reestablished, the sudden increase of oxygen in tissue will cause the dysfunctional mitochondria to generate a burst of ROS, which amplifies the oxidative stress injury to the brain [44] . The mitochondrial-induced apoptotic neuronal cell death has been demonstrated in cerebral I/R brain injury [45] . Accumulating evidence suggests that mitochondria play a central role in ROS generation and neuronal cell death [14, 46] . Our present results showed the complex IV activity was significantly reduced after I/R, indicating the mitochondrial dysfunction in the CA1 region. Complex IV consumes 95 % of the O 2 that reaches the cell. Complexes I and III are involved in the production of superoxide, by non-specific transfer of electrons to O 2 . The electron stalling, caused by GCI upstream of complex IV, would definitely enhance the superoxide overproduction.
Currently, there are no effective clinical interventions for the delayed brain injury following cardiac arrest. The therapeutic hypothermia treatment has been tested but the protective effect still remains uncertain [47, 48] . Targeting mitochondrial protection and searching for an effective pharmacological compound which can block the free radical production and enhance mitochondrial function seem to be promising strategies in the protection of the cardiac arrest-induced brain injury [49] . The neuroprotective effects of MB have been demonstrated both in in vivo models of Alzheimer's disease [17] , Parkinson's disease [50] , stroke [51] , as well as optic neuropathy [52] , and in in vitro hypoxic injury of astrocytes and hepatocytes [19, 53] . MB can easily pass the blood-brain barrier and accumulate in the brain tissue where it concentrates in the mitochondrial matrix [54] . The most remarkable effect of MB is to transfer electrons to oxygen or alternate electron acceptors. This electron transfer resembles the activity of mitochondrial electron transfer complexes [55] . Recent studies have found that MB, at a low dose level, prevents the effect of rotenone on mitochondrial complex I-III inhibition and reduces the free radical production [18] . The MB electron shunt effect indicates that MB directly accepts electrons from NADH, NADPH, and FADH2 [56] . In a piglet model of extended cardiac arrest, MB significantly reduced myocardial damage [57] and protected the brain [58] . In a rat model of 2VO brain injury, MB reduced cytochrome c oxidase activity and improved memory impairment [59] . The memory retention impaired by the inhibition of cytochrome oxidase can be completely restored by administration of MB [60] . These recent investigations suggested MB protects neurons from I/R insult. Most recent studies show that MB is able to enhance brain function, with mechanisms involving increased autophagy and mitophagy in a rat ischemic stroke model [61, 62] . It will be very interesting to further investigate the relationship between mitochondrial function and cognitive behavior, which may be helpful in the understanding of the cognitive improvement effects of MB in brain ischemia.
In conclusion, the results of the present study demonstrate the neuroprotective and behavioral improvement actions of MB against ischemic brain damage following GCI, a potential mechanism associated with the preservation of mitochondrial cytochrome c oxidase activity and ATP generation, and the preservation of mitochondrial membrane potential. The observations also demonstrate that MB was capable of preventing intrinsic (caspase-9-dependent) and extrinsic (caspase-8-dependent) signaling pathways, both leading to the inactivation of the final executioner, caspase-3, a molecular mechanism underlying the beneficial effects of MB in GCI. Taken together, these results suggest that MB may have a promising clinical efficacy in reducing ischemic brain damage resulting from cardiac arrest or other types of brain injury.
